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ܽ଴ Coefficient,asinߟ஼௢௟௟ solarcollectorthermalefficiency dimensionless
ܽଵ Coefficient,asinߟ஼௢௟௟ solarcollectorthermalefficiency W/(m2ͼԨ)
ܽଶ Coefficient,asinߟ஼௢௟௟ solarcollectorthermalefficiency W/(m2ͼԨ2)
ܾ଴ǡ ܾଵǡ ǥܾସ Coefficients,asin ሶܹ ு௉heatpumpelectricpowerinput dimensionless
ܿ଴ǡ ܿଵǡ ǥ଼ܿ Coefficients,asin ሶܹ ௉௨௠௣circulatingpumppowerinput dimensionless
ܿ௣ Constantpressurespecificheat J/(kgͼԨ)
ܦ Diameter m
݀଴ǡ ݀ଵǡ ǥ݀ସ Coefficients,asin ሶܳ ஼௢௡ௗ heatpumpheatingcapacity dimensionless
ܧ Energy J
ܧሶ  Energychangerate W
݁ Coefficient,asin ௪ܶெ௔௜௡citymainwatertemperature Ԩ
ܨ Flowfractionofcirculatingpump dimensionless
ଵ݂ǡ ଶ݂ǡ ǥ ଵ݂଻ Coefficients,asin ௪ܶெ௔௜௡citymainwatertemperature Ԩ
ܩ Insolation J
ܩሶ  Insolationrateontiltedsurface W
ܩݎ Grashofnumber dimensionless
݃ Gravityacceleration m/s2


























ሶܸ  Volumeflowrate m3/s
ܹ Work J
ሶܹ  Electricalpowerinputrate W
ܺ Exergy J


















































































































































































































































































































































































































































































































































































































































































































































































































































































































ሶܳ ஼௢௟௟ ൌ ߟ஼௢௟௟ ሶܳ ௦௢௟஼௢௟௟ǡ (4.2)
where,
ߟ஼௢௟௟ ൌ ܽ଴ ൅ ܽଵ ௜ܶ௡ǡ௪
஼௢௟௟ െ ௢ܶ௔
ܩሶ ൅ ܽଶ













ܧሶ௟௢௦௦஼௢௟௟ ൌ ൫ͳ െ ߟ஼௢௟௟൯ ሶܳ ௦௢௟஼௢௟௟Ǥ (4.4)

























௜ܶ௡ǡ௪஼௢௟௟ ൌ ൜ ௪ܶ
ேଵǡ ܽ݃ܽ݅݊ݏݐ ݓܽݐ݁ݎ ݏݐ݋ݎܽ݃݁ ݐܽ݊݇
௪ܶௐǡ ܽ݃ܽ݅݊ݏݐ ݅ܿ݁ ݏݐ݋ݎܽ݃݁ ݐܽ݊݇ǡ (4.5)
where, ௪ܶேଵisthetemperatureofthewaterͲnodeܰͳinthewaterstoragetank(Section
4.5.1); ௪ܶௐisthetemperatureofthewaterͲlayerintheicestoragetank(Section4.4.1).
















ሶ݉ ௪஼௢௟௟ ൌ ߩ௪஼௢௟௟ ሶܸ௪஼௢௟௟ǡ (4.7)
ሶܸ௪஼௢௟௟ ൌ ሶܸ௨௡௜௧஼௢௟௟ܣ௣௔௡௘௟஼௢௟௟ ݊஼௢௟௟Ǥ (4.8)
























߰ ൌ ݄ െ ܶܭ଴ݏǡ (4.10)
andthespecificexergyofthenonͲflowmass߮,e.g.solidwater(ice),iscalculatedas:








ሶܺ௦௢௟ ൌ ሶܳ ஼௢௟௟หߪ௦௢௟หǡ (4.12)
where,ߪ௦௢௟istheexergy/energyratioofradiationwithrespecttotheSun’s
temperature(Petela1964),























ሶܺ ஼௢௟௟ ൌ ሶ݉ ௪஼௢௟௟൫߰௢௨௧ǡ௪஼௢௟௟ െ ߰௜௡ǡ௪஼௢௟௟ ൯ǡ (4.14)
where,߰௢௨௧ǡ௪஼௢௟௟ isthespecificexergyofwaterleavingthesolarthermalcollector;߰௜௡ǡ௪஼௢௟௟ is
thespecificexergyofwaterenteringthesolarthermalcollector.






ሶܺௗ௘௦௧஼௢௟௟ ൌ ሶܺ௦௢௟ െ ሶܺ ஼௢௟௟ǡ (4.15)
Theexergeticefficiencyofthesolarthermalcollectoroperation,ߟூூ஼௢௟௟,iscalculatedas:








































൱ ሶܹ ௕௔௦௘ு௉ ǡ
(4.17)



































ܾ଴ ܾଵ ܾଶ ܾଷ ܾସ




݀଴ ݀ଵ ݀ଶ ݀ଷ ݀ସ
Ͳ2.36262 4.11641 Ͳ0.949693 0.0853777 Ͳ0.0135187
Baselinecondition
ሶܹ ௕௔௦௘ு௉  ሶܳ ௕௔௦௘஼௢௡ௗ ሶܸ௕௔௦௘஼௢௡ௗ ሶܸ௕௔௦௘ா௩௔௣ 





































































ܶܭ௜௡ǡ௪ா௩௔௣ ൌ ʹ͹͵Ǥͳͷ ൅ ௪ܶௐǤ (4.23)
Atthecondenserside,thewaterstoragetankandtheradiantflooraretheheatsinks.
Thetemperatureofwaterenteringthecondensereitheristhetemperatureofwater







ۖۓ ʹ͹͵Ǥͳͷ ൅ ௢ܶ௨௧ǡ௪ோி ǡ ܽ݃ܽ݅݊ݏݐݎܽ݀݅ܽ݊ݐ݂݈݋݋ݎ
ʹ͹͵Ǥͳͷ ൅ ௪ܶேଵǡ ܽ݃ܽ݅݊ݏݐݓܽݐ݁ݎݏݐ݋ݎܽ݃݁ݐܽ݊݇
ʹ͹͵Ǥͳͷ ൅ ሶ݉ ௪
ோி ௢ܶ௨௧ǡ௪ோி ൅ ሺ ሶ݉ ௪஼௢௡ௗ െ ሶ݉ ௪ோிሻ ௪ܶேଵ
























































































ሶ݉ ௪௜ா௩௔௣ ൌ ߦ ሶ݉ ௪ா௩௔௣ǡ (4.34)
ሶ݉ ௪௙ா௩௔௣ ൌ ሺͳ െ ߦሻ ሶ݉ ௪ா௩௔௣ǡ (4.35)
where, ሶ݉ ௪௜ா௩௔௣isthemassflowrateofsolidwater(ice)leavingtheevaporator; ሶ݉ ௪௙ா௩௔௣is
themassflowrateofliquidwaterleavingtheevaporator.
Theheattransferrateattheevaporatorcanbeformulatedas:
ሶܳ ா௩௔௣ ൌ ሶ݉ ௪௜ா௩௔௣ܮ௪ ൅ ሶ݉ ௪௙ா௩௔௣ܥ௣௔௩௚ǡ௪



























ா௩௔௣ ൫ ௜ܶ௡ǡ௪ா௩௔௣ െ ௢ܶ௨௧ǡ௪௙ா௩௔௣ ൯
ܮ௪ െ ܥ௣௔௩௚ǡ௪









ሶܹ ு௉ ǡ (4.39)
where, ሶܹ ௜௦௘௡ு௉ istheisentropiccompressionpower.











pressuresofvaporizationandcondensationareindicatedby ௘ܲand ௖ܲ,alongwith ௘ܶ
and ௖ܶasofthecorrespondingtemperatures.Theprocessofisentropiccompressionis
representedbythetransformation1ї3.Theisentropicpoweriscalculatedin

























 tч10 10<tч21.11 t>21.11
Suctionpressure,kPa 468.84 520.55 572.27
Dischargepressure,kPa 1727.14 1825.39 1923.64
Superheattemperature






ሶܳ ு௉ସோி ൌ Ͳǡ (4.42)
ሶܳ ு௉ସௐ் ൌ ሶܳ ஼௢௡ௗǤ (4.43)
Whenboththewaterstoragetankandtheradiantfloorneedheat,theneedof
theradiantfloorissatisfiedfirstwhilethewaterstoragetankissuppliedwiththe








ሶܳ ு௉ସோி ൌ ሶܳௗ௘௠ௗோி
ሶܳ ு௉ସௐ் ൌ ሶܳ ஼௢௡ௗ െ ሶܳௗ௘௠ௗோி
ǡ ݂݅ ሶܳௗ௘௠ௗோி ൏ ሶܳ ஼௢௡ௗ
ቊ
ሶܳ ு௉ସோி ൌ ሶܳ ஼௢௡ௗ
ሶܳ ு௉ସௐ் ൌ Ͳ ǡ ݂݅ ሶܳௗ௘௠ௗ
ோி ൒ ሶܳ ஼௢௡ௗ 
(4.44)


























totheradiantfloorisnotedas ሶܺ ு௉ସோி,andthattothewaterstoragetankas ሶܺ ு௉ସௐ்.
Therefore,




ሶܺௗ௘௦௧ு௉ ൌ ሶܹ ு௉ ൅ ሶܺ ா௩௔௣ െ ሶܺ ஼௢௡ௗǡ (4.48)
Theexergeticefficiencyoftheheatpumpoperation,ߟூூு௉,iscalculatedas:
ߟூூு௉ ൌ ͳ െ
ሶܺௗ௘௦௧ு௉


































ሶܳ ௦௧௢ூ ൌ ሶܳ ௜௡௧ூ ൅ ሶܳ௘௫௧ூ ൅ ሶܳ௙ூ െ ܮ௪ ሶ݉ ௪௜ூ்௅ǡ (4.50)
where, ሶܳ ௦௧௢ூ istheenergychangerateoftheiceͲlayer; ሶܳ ௜௡௧ூ istheheattransferrateof
theiceͲlayerwiththewaterͲlayeracrossthecontactsurfaceinbetween; ሶܳ ௘௫௧ூ isthe




ሶܳ ௦௧௢ூ ൌ െ
݀݉௜௖௘ூ
݀ݐ ܮ௪ǡ (4.51)
ሶܳ ௜௡௧ூ ൌ ݄௦௟௨௥௥௬ܣ௖௡௧ூ் ൫ ௪ܶௐ െ ௜ܶ௖௘ூ ൯ǡ (4.52)
ሶܳ ௘௫௧ூ ൌ ൫ܷ௩௦ூ்ܣ௩௦ூ ൅ ܷ௛௦ூ ܣ௖௡௧ூ் ൯൫ ௜ܶ௔ െ ௜ܶ௖௘ூ ൯ǡ (4.53)
ሶܳ ௙ூ ൌ ሶ݉ ௪௙ூ்௅ܿ௣௜௡ǡ௪௙ூ்௅ ௜ܶ௡ǡ௪௙ூ்௅ ൅ ሶ݉ ௪ூ்ௌܿ௣௜௡ǡ௪ூ்ௌ ௜ܶ௡ǡ௪ூ்ௌ െ ൫ ሶ݉ ௪௙ூ்௅ ൅ ሶ݉ ௪ூ்ௌ൯ܿ௣௙ǡ௪ூ் ௙ܶǡ௪ூ் Ǥ (4.54)
where,ݐisthetime;݉௜௖௘ூ isthemassoftheiceͲlayer; ሶ݉ ௪௙ூ்௅isthemassflowrateof
liquidwaterfromtheicestoragetankheatsink; ሶ݉ ௪ூ்ௌisthemassflowrateofwater
fromtheicestoragetankheatsource; ௜ܶ௖௘ூ isthetemperatureoftheiceͲlayer; ௪ܶௐisthe











ሶܳ ௦௧௢ௐ ൌ ሶܳ௜௡௧ௐ ൅ ሶܳ௘௫௧ௐ ൅ ሶܳ௙ௐǡ (4.55)
where, ሶܳ ௦௧௢ௐ istheenergychangerateofthewaterͲlayer; ሶܳ ௜௡௧ௐ istheheattransferofthe








ሶܳ ௜௡௧ௐ ൌ ݄௦௟௨௥௥௬ܣ௖௡௧ூ் ൫ ௜ܶ௖௘ூ െ ௪ܶௐ൯ǡ (4.57)
ሶܳ ௘௫௧ௐ ൌ ൫ܷ௩௦ூ்ܣ௩௦ௐ ൅ ܷ௛௦ௐܣ௕ூ்൯൫ ௜ܶ௔ െ ௪ܶௐ൯ǡ (4.58)





















ߛ௠௔௫ߩ௪ௐ ൅ ሺͳ െ ߛ௠௔௫ሻߩ௜௖௘ ܸ
ூ்ǡ (4.62)
andfortherectangulartank,













































ۓ Ͳǡ ܴܽ௦௟௨௥௥௬ ൑ ͳͲ
ହ
ͲǤͷͶܴܽ௦௟௨௥௥௬ଵ ସൗ ǡ ͳͲହ ൏ ܴܽ௦௟௨௥௥௬ ൑ ͳͲ଻
ͲǤͳͷܴܽ௦௟௨௥௥௬ଵ ଷൗ ǡ ܴܽ௦௟௨௥௥௬ ൐ ͳͲ଻
ǡ (4.66)
where,ܴܽ௦௟௨௥௥௬istheRayleighnumberforiceslurry,
ܴܽ௦௟௨௥௥௬ ൌ ܩݎூܲݎ௪ௐǡ (4.67)
and
ܩݎூ ൌ ݃ߚ௪









Ͳǡ ݂݅ ߛ ൏ Ͳ
ܣ௕ூ்ǡ ݂݅ ߛ ൐ Ͳ ǡ (4.69)
where,
























ܷ௛௦ǡௗ௢௪௡ூ் ǡ ௜ܶ௖௘ூ ൏ ௜ܶ௔
Ͳǡ ௜ܶ௖௘ூ ൌ ௜ܶ௔





























ܷ௛௦ǡ௨௣ூ் ൅ ܷ௛௦ǡௗ௢௪௡ூ் ሺͳ െ ݏ݃݊ሺߛሻሻǡ ௪ܶௐ ൏ ௜ܶ௔
Ͳǡ ௪ܶௐ ൌ ௜ܶ௔




ܣ௩௦ூ ൌ ߛ௩௦ூ் ǡ (4.76)
andtheverticalsurfaceareaofthewaterͲlayer
ܣ௩௦ௐ ൌ ሺͳ െ ߛሻܣ௩௦ூ் ǡ (4.77)
where,theverticalsurfaceareaoftheiceͲstoragetankwallsis
ܣ௩௦ூ் ൌ ʹሺܹூ் ൅ ܮூ்ሻܪூ்Ǥ (4.78)














ሶ݉ ௪௙ூ்௅ ௜ܶ௡ǡ௪௙ூ்௅ ൅ ሶ݉ ௪ூ்ௌ ௜ܶ௡ǡ௪ூ்ௌ െ ߝൣ ሶ݉ ௪୤ூ்௅൫ ௜ܶ௡ǡ௪௙ூ்௅ െ ௜ܶ௖௘ூ ൯ ൅ ሶ݉ ௪ூ்ௌ൫ ௜ܶ௡ǡ௪ூ்ௌ െ ௜ܶ௖௘ூ ൯൧






ͶʹǤ͵ͷߛǡ Ͳ ൑ ߛ ൏ ͲǤͲʹ
ͳʹͳǤͷߛହ െ ͳ͸ͷǤͻߛସ ൅ ͺͺǤ͹͹ߛଷ ൅ ʹ͵Ǥ͵ͳߛଶ ൅ ͵Ǥͳʹߛ ൅ ͲǤ͹ͻʹͺǡ ͲǤͲʹ ൑ ߛ ൑ ͲǤͶͶ









ሶܳ ௦௧௢ூ ൌ െ
















οݐ ൌ ݐ௝ െ ݐ௝ିଵǤ (4.83)
οݐisthetimestep;ݐ௝isthecurrenttime;ݐ௝ିଵistheprevioustime.RearrangingEqns.
(4.81)and(4.82)wehave:









































iceͲlayer, ሶܳ ௦௧௢ூ ௣௥௘,with:

















































݉௜௖௘ூ ௧ೕ ൌ ݉௜௖௘
ூ














ሶ݉ ௪ூ்ௌ ൌ ሶ݉ ௪஼௢௟௟ǡ (4.94)
௜ܶ௡ǡ௪ூ்ௌ ൌ ௢ܶ௨௧ǡ௪஼௢௟௟ ǡ (4.95)









ሶ݉ ௪௜ூ்௅ ൌ ሶ݉ ௪௜ா௩௔௣ǡ (4.97)
ሶ݉ ௪௙ூ்௅ ൌ ሶ݉ ௪௙ா௩௔௣ǡ (4.98)
௜ܶ௡ǡ௪௙ூ்௅ ൌ ௢ܶ௨௧ǡ௪௙ா௩௔௣ ǡ (4.99)











ሶܺ ூ்ௌ ൌ ሶܺ ஼௢௟௟ସூ்Ǥ (4.101)
Whentheheatpumpisturnedon,thenetexergytransferratetotheheatsink, ሶܺ ூ்௅,is:








ሶܺ௘௫௧ூ் ൌ ሶܺ௘௫௧ூ ൅ ሶܺ௘௫௧ௐ ǡ (4.103)
where,
ሶܺ௘௫௧ூ ൌ ሶܳ௘௫௧ூ ȁ߬௜௔ȁǡ (4.104)
ሶܺ௘௫௧ௐ ൌ ሶܳ௘௫௧ௐ ȁ߬௜௔ȁǡ (4.105)
ሶܺ௘௫௧ூ istheexergytransferrateoftheiceͲlayerwiththeindoorsurroundings; ሶܺ௘௫௧ௐ isthe
exergytransferrateofthewaterͲlayerwiththeindoorsurroundings;߬௜௔isthequality
factorofconductionͲconvectionwithrespecttotheindoorairtemperatureܶܭ௜௔,





















ሶܺ ௜௡௧ǡௗ௘௦௧ூ் ൌ ሶܺ௜௡௧ூ െ ሶܺ௜௡௧ௐ ǡ (4.107)
where, ሶܺ ௜௡௧ூ istheexergytransferrateoftheiceͲlayerwiththewaterͲlayer; ሶܺ ௜௡௧ௐ isthe
exergytransferrateofthewaterͲlayerwiththeiceͲlayer.Furthertransforming,
ሶܺ ௜௡௧ǡௗ௘௦௧ூ் ൌ ሶܳ ௜௡௧ூ ൫ห߬ௐห െ ห߬ூ ห൯ǡ (4.108)
where,߬ௐisthequalityfactorofthetransferredheatwithrespecttothewaterͲlayer
temperature,ܶܭ௪ௐ,as:









ο ሶܺ ூ் ൌ ο ሶܺ ூ ൅ ο ሶܺௐǡ (4.111)
where,ο ሶܺ ூistheexergyvariationrateoftheiceͲlayer,
ο ሶܺ ூ ൌ




















ሶܺௗ௘௦௧ூ் ൌ ሶܺ ூ்ௌ െ ሶܺ ூ்௅ ൅ ሶܺ௘௫௧ூ் ൅ ሶܺ௜௡௧ǡௗ௘௦௧ூ் െ ߂ ሶܺ ூ்Ǥ (4.114)
Theexergeticefficiencyoftheicestoragetankoperation,ߟூூூ்,iscalculatedas:






ܺௗ௘௦௧ூ் ൌ ሶܺௗ௘௦௧ூ் ߂ݐǡ (4.116)
σ ܺூ்ௌ௧ೕ଴ isthesumofexergytransferfromtheheatsourceoficestoragetanksincethe
starttimeofoperation,where,










































ሶܳ ௦௧௢ே௜ ൌ ሶܳு௑ே௜ ൅ ሶܳ ௜௡௧ே௜ ൅ ሶܳ௘௫௧ே௜ ൅ ሶܳ௙ே௜ (4.118)
where, ሶܳ ௦௧௢ே௜ istheenergychangerateofthewaterͲnodeܰ݅; ሶܳ ு௑ே௜ istheheattransfer
rateoftheimmersionheatexchanger; ሶܳ ௜௡௧ே௜ istheheattransferrateofthewaterͲnode























ௐ் ൅ ܣ௖௦ǡ௦௛௘௟௟ௐ் ൯൫ ௪ܶே௜ାଵ െ ௪ܶே௜൯ǡ ݅ ൌ ͳ
݇ௐ்௜
ܮௐ்௜ ൫ܣ௕




ௐ் ൅ ܣ௖௦ǡ௦௛௘௟௟ௐ் ൯൫ ௪ܶே௜ାଵ െ ௪ܶே௜൯ǡ ݅ ൌ ʹǡ ͵ǡ Ͷ
݇ௐ்௜
ܮௐ்௜ ൫ܣ௕
ௐ் ൅ ܣ௖௦ǡ௦௛௘௟௟ௐ் ൯൫ ௪ܶே௜ିଵ െ ௪ܶே௜൯ǡ ݅ ൌ ͷ
ǡ (4.121)
ሶܳ ௘௫௧ே௜ ൌ ቊ
൫ܷ௩௦ௐ்ܣ௩௦ே௜ ൅ ܷ௛௦ௐ்ܣ௕ௐ்൯൫ ௜ܶ௔ െ ௪ܶே௜൯ǡ ݅ ൌ ͳǡ ͷ
ܷ௩௦ௐ்ܣ௩௦ே௜൫ ௜ܶ௔ െ ௪ܶே௜൯ǡ ݅ ൌ ʹǡ ͵ǡ Ͷ
ǡ (4.122)
ሶܳ ௙ே௜ ൌ ቐ
ሶ݉ ௪஽ுௐ ቀܿ௣௪ெ௔௜௡௦ ௪ܶெ௔௜௡ െ ܿ௣௪ே௜ ௪ܶே௜ቁ ǡ ݅ ൌ ͳ




































































































σ ቂݏ݃݊൫ߙே௜൯ ቀܥ௣ே௜ܶே௜ െ ܥ௣௜௡
ு௑
௜ܶ௡ு௑ቁቃ௡௜ୀଵ







ݍ െ ݌ ൅ ͳ Ǥ ሺ݅ ൌ ݌ǥݍሻ (4.131)
Thenodeexchangemassfeaturestheheatdischargingprocess,usedtocalculatethe
nodeexchangemassofnodeܰ݅,
݉ு௑ே௜ ൌ ݏ݃݊൫ߙே௜൯݉ு௑ே Ǥ ሺ݅ ൌ ͳǥ݊ሻ (4.132)
Whereupon,thenodeexchangeheatiscalculatedas:
ሶܳு௑ே௜ ൌ 
݉ு௑ே௜ ቀܥ௣ே௜ܶே௜ െ ܥ௣௜௡
ு௑
௜ܶ௡ு௑ቁ























ሶܳௐ்ௌଵே௜ ൌ ߙௐ்ௌଵே௜ ሶܳ ௐ்ௌଵǡ (4.134)






௪ܶேଵ ൏ ௪ܶேଶ ߙௐ்ௌଵேଵ =1andߙௐ்ௌଵே௜ =0( ݅=2,3…5)
௪ܶேଵ ൒ ௪ܶேଶ ൏ ௪ܶேଷ ߙௐ்ௌଵே௜ =1/2( ݅=1,2)andߙௐ்ௌଵே௜ =0(݅=3,4,5)
௪ܶேଵ ൒ ௪ܶேଶ ൒ ௪ܶேଷ ൏ ௪ܶேସ ߙௐ்ௌଵே௜ =1/3( ݅=1,2,3)andߙௐ்ௌଵே௜ =0(݅=4,5)
௪ܶேଵ ൒ ௪ܶேଶ ൒ ௪ܶேଷ ൒ ௪ܶேସ ൏ ௪ܶேହ ߙௐ்ௌଵே௜ =1/4( ݅=1,2…4)andߙௐ்ௌଵேହ =0








ሶܳௐ்ௌଶே௜ ൌ ߙௐ்ௌଶே௜ ሶܳ ௐ்ௌଶǡ (4.135)






௪ܶேଶ ൐ ௪ܶேଷ ൏ ௪ܶேସ ߙௐ்ௌଶேଷ =1andߙௐ்ௌଶே௜ =0( ݅=1,2,4,5)
௪ܶேଵ ൐ ௪ܶேଶ ൑ ௪ܶேଷ ൏ ௪ܶேସ ߙௐ்ௌଶே௜ =1/2( ݅=2,3)andߙௐ்ௌଶே௜ =0(݅=1,4,5)
௪ܶேଵ ൑ ௪ܶேଶ ൑ ௪ܶேଷ ൏ ௪ܶேସ ߙௐ்ௌଶே௜ =1/3( ݅=1,2,3)andߙௐ்ௌଶே௜ =0(݅=4,5)
௪ܶேଶ ൐ ௪ܶேଷ ൒ ௪ܶேସ ൏ ௪ܶேହ ߙௐ்ௌଶேଷ =1/2( ݅=3,4)andߙௐ்ௌଶே௜ =0(݅=1,2,5)
௪ܶேଵ ൐ ௪ܶேଶ ൑ ௪ܶேଷ ൒ ௪ܶேସ ൒ ௪ܶேହ ߙௐ்ௌଶே௜ =1/3( ݅=3,4,5)andߙௐ்ௌଶே௜ =0(݅=1,2)
௪ܶேଵ ൑ ௪ܶேଶ ൑ ௪ܶேଷ ൒ ௪ܶேସ ൒ ௪ܶேହ ߙௐ்ௌଶே௜ =1/4( ݅=1,2…4)andߙௐ்ௌଶேହ =0
௪ܶேଶ ൐ ௪ܶேଷ ൒ ௪ܶேସ ൒ ௪ܶேହ ߙௐ்ௌଶே௜ =1/3( ݅=3,4,5)and ߙௐ்ௌଶே௜ =0(݅=1,2)
௪ܶேଵ ൐ ௪ܶேଶ ൑ ௪ܶேଷ ൒ ௪ܶேସ ൒ ௪ܶேହ ߙௐ்ௌଶே௜ =1/4( ݅=2,3…5)andߙௐ்ௌଶேଵ =0





































ܰ݅exchangemasswithrespecttotheheatdischargingrate ሶܳ ௐ்௅ଵ;ߙௐ்௅ଵே௜ isthenode






௪ܶேଵ ൐ ௪ܶேଶ ߙௐ்௅ଵேଵ =1andߙௐ்௅ଵே௜ =0( ݅=2,3…5)
௪ܶேଵ ൑ ௪ܶேଶ ൐ ௪ܶேଷ ߙௐ்௅ଵே௜ =1/2( ݅=1,2)andߙௐ்௅ଵே௜ =0(݅=3,4,5)
௪ܶேଵ ൑ ௪ܶேଶ ൑ ௪ܶேଷ ൐ ௪ܶேସ ߙௐ்௅ଵே௜ =1/3( ݅=1,2,3)andߙௐ்௅ଵே௜ =0(݅=4,5)
௪ܶேଵ ൑ ௪ܶேଶ ൑ ௪ܶேଷ ൑ ௪ܶேସ ൐ ௪ܶேହ ߙௐ்௅ଵே௜ =1/4( ݅=1,2…4)andߙௐ்௅ଵேହ =0





σ ݏ݃݊ ቀߙௐ்௅ଵே௜ ௧ೕቁ ௪ܶே௜௧ೕషభ
௤
௜ୀ௣








nodeexchangecontributionsߙௐ்ௌଵே௜ ,ߙௐ்ௌଶே௜ ,andߙௐ்௅ଵே௜ ,basedonthenode





































ௐ் ܣ௖௦ǡ௦௛௘௟௟ௐ் ൅ ݇௔௩௚ǡ௪ௐ்௜ ܣୠௐ்
ܣ௖௦ǡ௦௛௘௟௟ௐ் ൅ ܣ௕ௐ்






ۓ ௪ܶெ௔௜௡௦ ൅ ௪ܶே௜ʹ ǡ ݅ ൌ ͳ
௪ܶே௜ିଵ ൅ ௪ܶே௜





















































ܷ௛௦ǡ௨௣ௐ் ǡ ௪ܶேଵ ൏ ௜ܶ௔ ݋ݎ ௪ܶேହ ൐ ௜ܶ௔
Ͳǡ ௪ܶேଵ ൌ ௜ܶ௔ ݋ݎ ௪ܶேହ ൌ ௜ܶ௔















ሶܳ ௐ்௅ଶ ൌ ሶ݉ ௪஽ுௐ ቀܿ௣௪ேହ ௪ܶேହ െ ܿ௣௪ெ௔௜௡௦ ௪ܶெ௔௜௡௦ቁǡ (4.149)
where,






௪ܶெ௔௜௡ ൌ ݁ ൅ ଵ݂ ሺ߱ܰሻ ൅ ݃ଵ ሺ߱ܰሻ ൅ ଶ݂ ሺʹ߱ܰሻ ൅ ݃ଶ ሺʹ߱ܰሻ ൅ ڮ
൅ ଵ݂଻ ሺͳ͹߱ܰሻ ൅ ݃ଵ଻ ሺͳ͹߱ܰሻǡ
(4.151)












ሶ݉ ௪஽ுௐοݐ ൑ ݉௪ேǡ (4.152)
where,οݐisthetimestep,οݐ=900s.
Table4.6Coefficientsofcitymaintemperatureofcasestudy
  Units   Units
߱ 0.0086904 dimensionless ݁ 11.490452 Ԩ
ଵ݂ 0.1839946 Ԩ ଵ݃ 0.0905672 Ԩ
ଶ݂ Ͳ6.7763674 Ԩ ݃ଶ Ͳ7.3992997 Ԩ
ଷ݂ Ͳ0.0965715 Ԩ ݃ଷ Ͳ0.2033946 Ԩ
ସ݂ 0.0843686 Ԩ ݃ସ 0.8829336 Ԩ
ହ݂ Ͳ0.0031887 Ԩ ݃ହ Ͳ0.0370572 Ԩ
଺݂ Ͳ0.0969744 Ԩ ݃଺ 0.1161188 Ԩ
଻݂ 0.0140706 Ԩ ݃଻ Ͳ0.0229117 Ԩ
଼݂  Ͳ0.3362503 Ԩ ଼݃ Ͳ0.0142773 Ԩ
ଽ݂ Ͳ0.0277629 Ԩ ݃ଽ Ͳ0.0179754 Ԩ
ଵ݂଴ Ͳ0.0362475 Ԩ ଵ݃଴ Ͳ0.1390454 Ԩ
ଵ݂ଵ Ͳ0.0136723 Ԩ ଵ݃ଵ Ͳ0.0541225 Ԩ
ଵ݂ଶ Ͳ0.0187207 Ԩ ଵ݃ଶ 0.1353561 Ԩ
ଵ݂ଷ Ͳ0.0066015 Ԩ ଵ݃ଷ Ͳ0.0206411 Ԩ
ଵ݂ସ Ͳ0.0893228 Ԩ ଵ݃ସ 0.0843321 Ԩ
ଵ݂ହ Ͳ0.0449833 Ԩ ଵ݃ହ Ͳ0.0122686 Ԩ
ଵ݂଺ 0.1727085 Ԩ ଵ݃଺ 0.0686489 Ԩ

























ሶܹ ஺௨௫ ൌ ሶ݉ ௪஽ுௐ ቀܥ௣௪ǡ௦௘௧
஺௨௫ ௪ܶǡ௦௘௧஺௨௫ െ ܥ௣௪
ேହ ௪ܶேହቁǡ (4.155)
















ሶܳ ௐ்ௌଵ ൌ ሶܳ ு௉ସௐ்Ǥ (4.156)
Intheheatdischargingmode,theenteringconditionoftheheattransferwateristaken
astheleavingconditionfromtheradiantfloor,
௜ܶ௡ǡ௪ௐ்௅ଵ ൌ ௢ܶ௨௧ǡ௪ோி ǡ (4.157)
where, ௢ܶ௨௧ǡ௪ோி isthetemperatureofwaterleavingtheradiantfloor.Theheatdischarging
rateiscorrespondedtotheheattransfertotheradiantflooras:
ሶܳ ௐ்௅ଵ ൌ ሶܳௐ்ସோிǡ (4.158)
where,
ሶܳ ௐ்ସோி ൌ ሶܳௗ௘௠ௗோி Ǥ (4.159)






























ሶܺ ௐ்ௌଵ ൌ ሶܺ ு௉ସௐ்Ǣ (4.163)
Whenwaterstoragetankreceivesexergyfromthesolarthermalcollector,
ሶܺ ௐ்ௌଶ ൌ ሶܺ ஼௢௟௟ସௐ்Ǥ (4.164)
Theexergytransferrate ሶܺ ு௉ସௐ்iscalculatedwith:























exergydestructionrateofthewaterstoragetank, ሶܺ ௜௡௧ǡௗ௘௦௧ௐ் ,iscalculatedas:












ௐ் ൅ ܣ௖௦ǡ௦௛௘௟௟ௐ் ൯൫ ௪ܶே௜ାଵ െ ௪ܶே௜൯ǡ (4.170)
߬ே௜ ൌ ͳ െ ܶܭ଴ܶܭ௪ே௜
ǡ (4.171)


















ሶܺௗ௘௦௧ௐ் ൌ ሶܺௐ்ௌ െ ሶܺௐ்௅ ൅ ሶܺ௘௫௧ௐ் ൅ ሶܺ௜௡௧ǡௗ௘௦௧ௐ் െ ߂ ሶܺௐ்Ǥ (4.174)
Theexergeticefficiencyoftheicestoragetankoperation,ߟூூௐ்,iscalculatedas:















ሶܺ ௐ்௅ ൌ ሶܺௐ்௅ଵ ൅ ሶܺௐ்௅ଶǡ (4.176)
where,
ሶܺ ௐ்௅ଶ ൌ ሶ݉ ௪஽ுௐ൫߰௪஽ுௐ െ ߰௪ெ௔௜௡௦൯ǡ (4.177)









































ሶܳ ோி ൌ ቊ ሶܳ
ௐ்ସோிǡ ݓ݄݁݊ ݓܽݐ݁ݎ ݏݐ݋ݎܽ݃݁ ݐܽ݊݇ ݏݑ݌݌݈݅݁ݏ
ሶܳ ு௉ସோிǡ ݓ݄݁݊ ݄݁ܽݐ ݌ݑ݉݌ ݏݑ݌݌݈݅݁ݏǤ (4.179)
Thetemperatureofwaterenteringtheradiantfloorisas:
௜ܶ௡ǡ௪ோி ൌ ቊ ௢ܶ௨௧ǡ௪
ௐ்௅ଵǡ ݓ݄݁݊ ݓܽݐ݁ݎ ݏݐ݋ݎܽ݃݁ ݐܽ݊݇ ݏݑ݌݌݈݅݁ݏ











ሶܺ ோிௌ ൌ ሶ݉ ௪ோி൫߰௜௡ǡ௪ோி െ ߰௢௨௧ǡ௪ோி ൯ǡ (4.181)
where,߰௜௡ǡ௪ோி isthespecificexergyofwaterenteringtheradiantfloor;߰௢௨௧ǡ௪ோி isthe
specificexergyofwaterleavingtheradiantfloor.












ሶܺௗ௘௦௧ோி ൌ ሶܺ ோிௌ െ ሶܺ ோி௅ǡ (4.183)
Theexergeticefficiencyoftheradiantflooroperation,ߟூூோி,iscalculatedas:
ߟூூோி ൌ ͳ െ
ሶܺௗ௘௦௧ோி




















ሶܹ ௉௨௠௣ ൌ ൬ܿ଴ ൅ ܿଵ ሶܸ௪௉௨௠௣ ൅ ܿଶ ሶܸ௪௉௨௠௣
ଶ ൅ ܿଷ ሶܸ௪௉௨௠௣
ଷ ൅ ܿସ ሶܸ௪௉௨௠௣
ସ ൅ ܿହ ሶܸ௪௉௨௠௣
ହ
൅ ܿ଺ ሶܸ௪௉௨௠௣
଺ ൅ ܿ଻ ሶܸ௪௉௨௠௣
଻ ൅ ଼ܿ ሶܸ௪௉௨௠௣
଼൰ ܨ௉௨௠௣ǡ
(4.185)









































14.918 Ͳ0.55325 Ͳ5.423 1.9018 Ͳ0.76084 Ͳ0.76548 0.74376 0.1408 Ͳ0.15351
Fig.4.9Performancecurveofcasepump

ሶܹ ௉௨௠௣ ൌ ൬ͳͶǤͻͳͺ െ ͲǤͷͷ͵ʹͷ ሶܸ௪௉௨௠௣ െ ͷǤͶʹ͵ ሶܸ௪௉௨௠௣
ଶ ൅ ͳǤͻͲͳͺ ሶܸ௪௉௨௠௣
ଷ
െ ͲǤ͹͸ͲͺͶ ሶܸ௪௉௨௠௣
ସ െ ͲǤ͹͸ͷͶͺ ሶܸ௪௉௨௠௣
ହ ൅ ͲǤ͹Ͷ͵͹͸ ሶܸ௪௉௨௠௣
଺
൅ ͲǤͳͶͲͺ ሶܸ௪௉௨௠௣






Theflowrate ሶܸ௪௉௨௠௣isnotedby ሶܸ௪௉௨௠௣ଵǡ ሶܸ௪௉௨௠௣ଶand ሶܸ௪௉௨௠௣ଷforthepumpܲͳ,
ܲʹ,andܲ͵connectedtothecirculationloopܮͳ,ܮʹ,andܮ͵,respectively.Also,the
powerinput ሶܹ ௉௨௠௣isnotedby ሶܹ௪௉௨௠௣ଵǡ ሶܹ௪௉௨௠௣ଶand ሶܹ௪௉௨௠௣ଷ.Forthesolar
combisystem,theoverallelectricpowerinputofthecirculatingpumpsiscalculatedas:
ሶܹ ௦௨௣௣௉௨௠௣ ൌ ሶܹ ௉௨௠௣ଵ ൅ ሶܹ ௉௨௠௣ଶ ൅ ሶܹ ௉௨௠௣ଷǤ (4.188)






















ሶܸ௪௉௨௠௣ଵ ൌ ሶܸ௪஼௢௟௟Ǥ (4.189)
Onthecirculationloopܮʹ,theflowrateisthatthroughtheheatpumpevaporator,
ሶܸ௪௉௨௠௣ଶ ൌ ሶܸ௪ா௩௔௣Ǥ (4.190)
Onthecirculationloopܮʹ,theflowrateisthatthroughtheheatpumpcondenser,




rate,denotedby ሶܺௗ௘௦௧௉௨௠௣ଵ, ሶܺௗ௘௦௧௉௨௠௣ଶ,and ሶܺௗ௘௦௧௉௨௠௣ଷ,arecalculatedasthefollowing:
ሶܺௗ௘௦௧௉௨௠௣ଵ ൌ ሶܹ ௉௨௠௣ଵǤ (4.192)
ሶܺௗ௘௦௧௉௨௠௣ଶ ൌ ሶܹ ௉௨௠௣ଶǤ (4.193)
ሶܺௗ௘௦௧௉௨௠௣ଷ ൌ ሶܹ ௉௨௠௣Ǥ (4.194)
Forthesolarcombisystem,theoverallexergydestructionofcirculatingpump
operations, ሶܹ ௗ௘௦௧௉௨௠௣,iscalculatedas:

















Thecombisystemheatoutputrateforheating, ሶܳ ௟௢௔ௗௌ௬௦ ,includesthatforthe
preparationofdomestichotwaterandthatforspaceheating,








ܧሶ௦௨௣௣ௌ௬௦ ൌ ܧሶ௦௢௟ௌ௬௦ ൅ ሶܹ௘௟௘ௌ௬௦ǡ (4.197)
where,ܧሶ௦௢௟ௌ௬௦isthesolarenergysupplyratetothecombisystem,
ܧሶ௦௢௟ௌ௬௦ ൌ ሶܳ௦௢௟஼௢௟௟Ǣ (4.198)
ሶܹ ௘௟௘ௌ௬௦istheelectricpowerinputratetothecombisystem,
ሶܹ ௘௟௘ௌ௬௦ ൌ ሶܹ ஺௨௫ ൅ ሶܹ ு௉ ൅ ሶܹ௦௨௣௣௉௨௠௣Ǥ (4.199)
Theenergylossrateofthecombisystem,ܧሶ௟௢௦௦ௌ௬௦ ,istheenergylossrateatthe
solarthermalcollector,






















σ ܳ௟௢௔ௗௌ௬௦௧௧ୀ଴ ,dividedbytheoverallcombisystemelectricityconsumption,σ ௘ܹ௟௘ௌ௬௦௧௧ୀ଴ ,as:





ܳ௟௢௔ௗௌ௬௦ ൌ ሶܳ ௟௢௔ௗௌ௬௦ οݐǡ (4.204)
௘ܹ௟௘






























ܳ஼௢௟௟ ൌ ሶܳ ஼௢௟௟οݐǡ (4.210)



















































௪ܶேଵ௧ିο௧ǡ ߠ஼௢௟௟ସௐ் ൌ ͳ
















































ۖۓ ʹ͹͵Ǥͳͷ ൅ ௢ܶ௨௧ǡ௪ோி ǡ ߠ
ு௉ସௐ் ൌ Ͳܽ݊݀ߠு௉ସோி ൌ ͳ
ʹ͹͵Ǥͳͷ ൅ ௪ܶேଵ௧ିο௧ǡߠு௉ସௐ் ൌ ͳܽ݊݀ߠு௉ସோி ൌ Ͳ
ʹ͹͵Ǥͳͷ ൅ ሶ݉ ௪
ோி ௢ܶ௨௧ǡ௪ோி ൅ ൫ ሶ݉ ௪஼௢௡ௗ െ ሶ݉ ௪ோி൯ ௪ܶேଵ௧ିο௧
ሶ݉ ௪஼௢௡ௗ ǡ ߠ




















Radiantfloor ௜ܶ௡ǡ௪ோி  ௖ܶ௢௠ோி 
Icestoragetank ߛǡ ௪ܶௐ ߛ௠௔௫ǡ ௠ܶ௔௫ௐ 

































௪ܶேଵ ൒ ௦ܶ௘௧ௐ் െ ௩ܶ௔௥ௐ்ǡ (4.218)
௪ܶேଷ ൒ ௦ܶ௘௧ௐ்ǡ (4.219)
௦ܶ௘௧ௐ் ൑ ௪ܶேହ ൑ ௦ܶ௘௧ௐ் ൅ ௩ܶ௔௥ௐ்ǡ (4.220)
where, ௦ܶ௘௧ௐ்isthetemperaturesetforthewaterstoragetank; ௩ܶ௔௥ௐ்isthevariation
allowedwithrespecttothewaterstoragetanksettingtemperature.
Inthecasestudy, ௠ܶ௔௫ௐ் =60Ԩ, ௦ܶ௘௧ௐ்=40Ԩ,and ௩ܶ௔௥ௐ்=5Ԩ.Withthemaximum
limit,theoperationrangeforthebottom,middle,andtopsectiontemperaturesare35Ԩ






































































Fߠܣݑݔ ൌ Ͳ 
ߠܣݑݔ ൌ ͳ 
ߠܥ݋݈݈Ͷܫܶ ൌ ͳ
ߠܥ݋݈݈Ͷܫܶ ൌ Ͳ
ߠܥ݋݈݈Ͷܹܶ ൌ ͳ 
ߠܥ݋݈݈Ͷܹܶ ൌ Ͳ 
ߠܪܲͶܹܶ ൌ ͳ
ߠܪܲͶܹܶ ൌ Ͳ
ܶܰݓ ͳ ൒ ܶݏܹ݁ܶݐ െ ܾܶ ܹܽ݊݀ܶ
ܶܰݓ ͵ ൒ ܶݏܹ݁ܶݐ  
ܶܰݓ ͷ ൒ ܶݏܹ݁ܶݐ ൅ ܾܶ ܹܽ݊݀ܶ
ሶܸݓܦܪܹ ൐ Ͳ 
ܶܰݓ ͷ ൒ ܶݏܹ݁ܶݐ  
ܶܰݓ ͵ ൒ ܶݏܹ݁ܶݐ  






















ߛ ൏ ݉ߛ ܽݔ  








ߠܹܶͶܴܨ ൌ Ͳ 
ߠܪܲͶܴܨ ൌ ͳ 
ߠܹܶͶܴܨ ൌ ͳ




ߠܣݑݔ ൌ Ͳ 
ߠܣݑݔ ൌ ͳ 
ߠܪܲͶܴܨ ൌ Ͳ 
ߠܪܲͶܹܶ ൌ Ͳߠܥ݋݈݈Ͷܫܶ ൌ ͳ 
ߠܥ݋݈݈Ͷܹܶ ൌ Ͳ 
ߠܹܶͶܴܨ ൌ Ͳ
ߠܹܶͶܴܨ ൌ ͳ 
ሶܸݓܦܪܹ ൐ Ͳ 
ܶܰݓ ͷ ൒ ܶݏܹ݁ܶݐ  
ܶܰݓ ͳ ൒ ܶݏܹ݁ܶݐ െ ܾܶ ܹܽ݊݀ܶ  
ܶܰݓ ͵ ൒ ܶݏܹ݁ܶݐ  
ܶܰݓ ͷ ൒ ܶݏܹ݁ܶݐ ൅ ܾܶ ܹܽ݊݀ܶ  
ܹܶݓ ܶܮͳ ൒ ܶܿ ݋ܴ݉ܨ  
ܶܰݓ ͵ ൒ ܶݏܹ݁ܶݐ  
ܶܰݓ ͷ ൒ ܶݏܹ݁ܶݐ  
ܶܰݓ ͳ ൒ ܶݏܹ݁ܶݐ െ ܾܶ ܹܽ݊݀ܶ  
ߠܥ݋݈݈Ͷܫܶ ൌ ͳ
   prior over 
ߠܥ݋݈݈Ͷܹܶ ൌ ͳ
ߠܥ݋݈݈Ͷܹܶ ൌ ͳ
   prior over 
ߠܥ݋݈݈Ͷܫܶ ൌ ͳ
ሶܴܳ݀݁݉݀ܨ ൐ Ͳ 
݋ܶݑݐ ǡݓܥ݋݊݀ ൐ ܶܿ ݋ܴ݉ܨ  
݋ܶݑݐ ǡݓܹܶܮͳ ൒ ܶܿ ݋ܴ݉ܨ  
ܶܰݓ ͵ ൒ ܶݏܹ݁ܶݐ  












































௢ܶ௨௧ǡ௪ௐ்௅ଵ ൒ ௖ܶ௢௠ோி ǡ (4.221)
forthewaterstoragetankonthesupply,and












































































ሶܳ ௗ௘௠ௗோி  Spaceheatingdemand
ܶ݅݉݁ Simulationtime












































































































































































ܵݕݏݐ݁݉ܥܱܲ ൌ ݏݕݏݐ݁݉ ݄݁ܽݐ݅݊݃ ݈݋ܽ݀ݏݕݏݐ݁݉ ݈݁݁ܿݐݎ݅ܿ݅ݐݕ ܿ݋݊ݏݑ݉݌ݐ݅݋݊














ݏ݋݈ܽݎ ݁݊݁ݎ݃ݕ ܿ݋݈݈݁ܿݐ݅݋݊ ݋݂ ݏ݋݈ܽݎݏݕݏݐ݁݉
݁݊݁ݎ݃ݕ ݑݏ݁݀ ܾݕ ݎ݂݁݁ݎ݁݊ܿ݁ ݏݕݏݐ݁݉

























January 2,331.04 277.51 2,608.55 1,707.84 0.65
February 1,721.11 262.53 1,983.64 2,222.92 1.12
March 949.38 306.54 1,255.92 2,807.75 2.24
April 182.27 283.44 465.72 2,511.75 5.39
May 0.00 213.88 213.88 433.03 2.02
June 0.00 156.79 156.79 342.73 2.19
July 0.00 117.67 117.67 298.52 2.54
August 0.00 100.80 100.80 274.45 2.72
September 0.00 145.52 145.52 350.41 2.41
October 171.68 171.73 343.41 1,018.88 2.97
November 976.15 218.15 1,194.30 974.43 0.82
December 1,991.79 271.83 2,263.62 1,178.00 0.52












ݏݕݏݐ݁݉ ݁݊݁ݎ݃ݕ ݅݊݌ݑݐ ൈ ͳͲͲ







ݏݕݏݐ݁݉ ݁݊݁ݎ݃ݕ ݅݊݌ݑݐ ൈ ͳͲͲ







ܵݕݏݐ݁݉݁݊݁ݎ݃ݕ݂݂݁݅ܿ݅݁݊ܿݕ ൌ ݏݕݏݐ݁݉ ݄݁ܽݐ݅݊݃ ݈݋ܽ݀ݏݕݏݐ݁݉ ݁݊݁ݎ݃ݕ ݅݊݌ݑݐ ൈ ͳͲͲ

















dimensionlessP1 P2 P3 Overall
January 854.89 1.58 1.54 1.73 4.85 3.07
February 564.02 1.84 1.03 1.18 4.04 3.55
March 264.50 2.21 0.48 0.59 3.29 4.84
April 99.43 2.36 0.19 0.23 2.78 4.94
May Ͳ 0.78 Ͳ Ͳ 0.78 449.77
June Ͳ 0.67 Ͳ Ͳ 0.67 420.69
July Ͳ 0.47 Ͳ Ͳ 0.47 491.50
August Ͳ 0.55 Ͳ Ͳ 0.55 380.45
September Ͳ 0.51 Ͳ Ͳ 0.51 553.23
October 64.64 1.16 0.12 0.17 1.44 6.54
November 367.64 1.27 0.65 0.83 2.75 3.31
December 714.98 1.30 1.29 1.49 4.08 3.19








































January 2,823.18 859.75 3,682.93 2,640.14 66.91 1,115.34 Ͳ10.49
February 3,680.97 568.06 4,249.02 2,014.13 25.57 1,458.05 798.38
March 4,714.15 267.79 4,981.94 1,295.93 Ͳ51.51 1,906.41 1,724.80
April 4,015.50 102.22 4,117.72 504.91 Ͳ59.81 1,503.75 2,046.47
May 1,200.62 0.78 1,201.40 351.81 Ͳ65.85 767.59 15.36
June 948.72 0.67 949.39 279.79 Ͳ64.76 605.99 Ͳ1.82
July 725.36 0.47 725.83 233.21 Ͳ68.20 426.83 Ͳ2.88
August 758.99 0.55 759.53 208.46 Ͳ68.79 484.53 Ͳ2.80
September 875.64 0.51 876.16 284.46 Ͳ62.49 525.23 3.46
October 1,783.80 66.08 1,849.88 431.87 Ͳ53.31 764.91 598.34
November 1,530.94 370.39 1,901.33 1,224.29 17.47 556.51 135.25
December 2,008.93 719.06 2,728.00 2,294.88 41.29 830.94 Ͳ360.62





















































































































































































































































































































































































































































































































































































































































































































October 171.68 23.05 148.63 171.68
November 976.15 220.76 755.39 976.15
December 1,991.79 653.39 1,338.39 1,991.79
January 2,331.04 875.18 1,455.86 2,331.04
February 1,721.11 539.30 1,181.82 1,721.11
March 949.38 187.15 762.24 949.38
April 182.27 29.18 153.09 182.27
Season 8,323 2,528 5,795 8,323
























October 64.64 187.65 23.05 229.24 252.29 3.93
November 367.64 801.98 220.76 948.86 1,169.62 3.19
December 714.98 1,455.79 653.39 1,517.37 2,170.77 3.04
January 854.89 1,611.14 875.18 1,590.85 2,466.04 2.89
February 564.02 1,201.15 539.30 1,225.87 1,765.17 3.13
March 264.50 804.02 187.15 881.38 1,068.52 4.06
April 99.43 334.77 29.18 405.02 434.20 4.41




































































































































January 2,823.18 232.74 1,475.10 1,707.84 1,115.34 0.58
February 3,680.97 289.61 1,933.30 2,222.92 1,458.05 0.57
March 4,714.15 272.66 2,535.08 2,807.75 1,906.41 0.54
April 4,015.50 119.03 2,392.72 2,511.75 1,503.75 0.57
May 1,200.62 433.03 0.00 433.03 767.59 0.31
June 948.72 342.73 0.00 342.73 605.99 0.31
July 725.36 298.52 0.00 298.52 426.83 0.36
August 758.99 274.45 0.00 274.45 484.53 0.31
September 875.64 350.41 0.00 350.41 525.23 0.35
October 1,783.80 217.84 801.05 1,018.88 764.91 0.51
November 1,530.94 99.18 875.26 974.43 556.51 0.62
December 2,008.93 173.25 1,004.75 1,178.00 830.94 0.55








































































ԨN1 N2 N3 N4 N5 Mean
January 45.3 44.9 45.3 45.1 44.7 45.1 44.8
February 45.2 44.8 45.4 45.3 45.0 45.1 45.1
March 43.8 44.8 46.1 45.9 45.4 45.2 45.5
April 41.7 44.1 45.8 45.9 45.4 44.6 45.5
May 31.3 46.0 57.6 59.7 59.5 50.9 59.6
June 34.5 47.9 58.7 60.3 59.9 52.3 60.0
July 37.8 49.7 59.1 60.6 60.2 53.5 60.2
August 39.7 51.1 59.7 60.7 60.0 54.3 60.2
September 35.9 48.1 58.0 60.2 60.0 52.4 60.0
October 39.0 45.6 51.9 53.5 53.4 48.7 53.3
November 46.3 45.1 45.2 45.0 44.6 45.2 44.6
December 45.6 44.7 44.9 44.8 44.5 44.9 44.5








































































January 232.74 1,590.85 1,823.59 1,455.86 309.10 1,764.96 Ͳ51.21 7.43
February 289.61 1,225.87 1,515.49 1,181.82 293.02 1,474.84 Ͳ46.33 Ͳ5.68
March 272.66 881.38 1,154.04 762.24 346.55 1,108.79 Ͳ51.17 Ͳ5.91
April 119.03 405.02 524.05 153.09 322.63 475.73 Ͳ48.11 0.21
May 433.03 0.00 433.03 0.00 351.81 351.81 Ͳ59.46 21.76
June 342.73 0.00 342.73 0.00 279.79 279.79 Ͳ60.36 2.58
July 298.52 0.00 298.52 0.00 233.21 233.21 Ͳ64.96 0.35
August 274.45 0.00 274.45 0.00 208.46 208.46 Ͳ66.50 Ͳ0.51
September 350.41 0.00 350.41 0.00 284.46 284.46 Ͳ60.91 5.03
October 217.84 229.24 447.08 148.63 260.18 408.81 Ͳ56.82 Ͳ18.56
November 99.18 948.86 1,048.04 755.39 248.14 1,003.53 Ͳ49.98 Ͳ5.47
December 173.25 1,517.37 1,690.62 1,338.39 303.09 1,641.48 Ͳ50.88 Ͳ1.74







































































































January 2,331.04 277.51 2,608.55 49.85 0.02
February 1,721.11 262.53 1,983.64 95.67 0.05
March 949.38 306.54 1,255.92 226.53 0.18
April 182.27 283.44 465.72 209.86 0.45
May 0.00 213.88 213.88 76.27 0.36
June 0.00 156.79 156.79 61.23 0.39
July 0.00 117.67 117.67 53.70 0.46
August 0.00 100.80 100.80 49.49 0.49
September 0.00 145.52 145.52 62.63 0.43
October 171.68 171.73 343.41 91.19 0.27
November 976.15 218.15 1,194.30 41.64 0.03
December 1,991.79 271.83 2,263.62 49.53 0.02



















































January 2,390.27 1,548.87 512.22 4.85 0 21.93 111.51 190.87
February 2,590.32 1,985.22 335.54 4.04 0 35.82 94.76 134.94
March 2,845.44 2,401.82 160.30 3.29 0 140.03 68.58 71.42
April 2,420.35 2,141.41 62.53 2.78 0 172.75 27.54 13.34
May 361.54 329.09 Ͳ 0.78 0 2.51EͲ02 31.65 Ͳ
June 285.56 259.60 Ͳ 0.67 0 1.23EͲ02 25.28 Ͳ
July 247.54 225.75 Ͳ 0.47 0 6.43EͲ03 21.31 Ͳ
August 227.53 207.43 Ͳ 0.55 0 3.22EͲ03 19.55 Ͳ
September 289.35 265.39 Ͳ 0.51 0 1.58EͲ03 23.44 Ͳ
October 992.11 862.60 38.84 1.44 0 49.06 27.04 13.12
November 1,246.33 870.53 216.00 2.75 0 22.11 54.18 80.76
December 1,760.89 1,053.20 423.84 4.08 0 20.00 95.58 164.18
Year 15,657 12,151 1,749 26 0 462 600 669
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 (1)
whichcouldbefurthertransformedas(denoting ௢ܶ௔to ௔ܶ, ௜ܶ௡ǡ௪஼௢௟௟to ௜ܶ௡)
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ଵܻ ൐ Ͳ ሺ݅݅ሻ  (3)
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istruewhen ௔ܶ< ௔ܶଵ,or ௔ܶ> ௔ܶଶ;Eqn.(3)ሺ݅݅ሻistruewhen ௔ܶଵ< ௔ܶ< ௔ܶଶ.Underthe
applicationofthesolarcollectoroperation,only ௔ܶଵismeaningful,sinceonecan
calculate ௔ܶଶatamuchvaluethanthatoftheoutdoorairmayreachinreality,suchas
200Ԩ.Theweightedcurvesthatoverlayingupon ଴ܻand ଵܻhighlightwhere ଴ܻ ൏ Ͳ








































 Symbols Descriptions Units
Inputs ܽ଴ Coefficientofsolarcollectorthermalefficiency dimensionless
 ܽଵ Coefficientofsolarcollectorthermalefficiency W/(m2ͼԨ)
 ܽଶ Coefficientofsolarcollectorthermalefficiency W/(m2ͼԨ2)
 ܣ௣௔௡௘௟஼௢௟௟  Grossareaofsinglesolarthermalcollectorpanel m2
 ݊஼௢௟௟ Numberofsolarthermalcollectorpanel dimensionless
 ሶܸ௨௡௜௧஼௢௟௟ Volumeflowrateperunitcollectorarea m3/(sͼm2)
 ܩሶ  Powerdensityofinsolationupontiltedcollectorpanelsurface,timevariable W/m
2





Outputs ௢ܶ௨௧ǡ௪஼௢௟௟  Temperatureofwaterleavingsolarthermalcollector Ԩ
 ሶ݉ ௪஼௢௟௟ Massflowrateofwaterthroughsolarthermalcollector kg/s
 ሶܸ௪஼௢௟௟ Volumeflowrateofwaterthroughsolarthermalcollector m3/s























 ܾ଴ǡ ܾଵǡ ǥ ܾସ Coefficientsofheatpupelectricpower,inputparameter Ͳ
 ݀଴ǡ ݀ଵǡ ǥ݀ସ Coefficientsofheattransferrateatcondenser,inputparameter Ͳ
 ሶܸ௪ா௩௔௣ Volumeflowrateofwaterthroughevaporator,inputparameter m3/s
 ሶܸ௪஼௢௡ௗ Volumeflowrateofwaterthroughcondenser,inputparameter m3/s
 ௜ܶ௡ǡ௪
ா௩௔௣ Temperatureofwaterenteringevaporator,associatedvariable Ԩ
 ௜ܶ௡ǡ௪஼௢௡ௗ Temperatureofwaterenteringcondenser,associatedvariable Ԩ
 ௠ܶ௘௔௡ǡ௪ா௩௔௣  Meantemperatureofwaterthroughevaporator,inputparameter Ԩ
 ௠ܶ௘௔௡ǡ௪஼௢௡ௗ  Meantemperatureofwaterthroughcondenser,inputparameter Ԩ
 ο ௦ܶ௨௣௥௛ Superheattemperaturedifference,inputparameter Ԩ
 ௖ܲ Pressureofcondensation,inputparameter Pa
 ௘ܲ Pressureofvaporization,inputparameter Pa
 ሶܳ ௗ௘௠ௗோி  Spaceheatingdemandontoradiantfloor,inputtimevariable W
Outputs ௢ܶ௨௧ǡ௪௙
ா௩௔௣  Temperatureofliquidwaterleavingevaporator Ԩ
 ௢ܶ௨௧ǡ௪஼௢௡ௗ  Temperatureofwaterleavingcondenser Ԩ
 ሶ݉ ௪ா௩௔௣ Massflowrateofwaterthroughevaporator kg/s
 ሶ݉ ௪௙ா௩௔௣ Massflowrateofliquidwaterleavingevaporator kg/s
 ሶ݉ ௪௜ா௩௔௣ Massflowrateofsolidwater(ice)leavingevaporator kg/s
 ሶ݉ ௪஼௢௡ௗ Massflowrateofwaterthroughcondenser kg/s
 ሶܸ௪ா௩௔௣ Volumeflowrateofwaterthroughevaporator m3/s
 ሶܸ௪஼௢௡ௗ Volumeflowrateofwaterthroughcondenser m3/s
 ሶܹ ு௉ Electricpowerofheatpump W
 ሶܳ ஼௢௡ௗ Heatoutputrateatcondenser W
 ሶܳ ு௉ସோி Heatoutputratefromheatpumptoradiantfloor W








 Symbols Descriptions Units
Inputs ܮூ் Lengthofrectangularstoragetank m
 ܹூ் Widthofrectangularstoragetank m





 ௠ܶ௔௫ௐ  MaximumtemperatureofwaterͲlayer Ԩ
 ߛ௠௔௫ Maximumicemassfractioninicestoragetank dimensionless
 οݐ Timestep s
 ௜ܶ௔  Indoorairtemperature Ԩ

























 Symbols Descriptions Units
Inputs ܪௐ் Heightofwaterstoragetank m
 ܦௐ் Diameterofcylinderwaterstoragetank m
 ߜ௦௛௘௟௟ௐ்  Thicknessofwaterstoragetankshell m





 οݐ Timestep s
 ௜ܶ௔  Indoorairtemperature Ԩ
 ሶܸ௪஽ுௐ Volumeflowrateofdomestichotwaterdrawn,inputvariable m3/s
 ௪ܶெ௔௜௡ Temperatureofwaterfromcitymain,inputvariable Ԩ
 ሶܳ ௐ்ௌଵ Heatchargingrateofimmersionheatexchangerܪܺͳ,associated
variable W
 ሶܳ ௐ்ௌଶ Heatchargingrateofimmersionheatexchangerܪܺʹ,associated
variable W
 ሶܳ ௗ௘௠ௗோி  Spaceheatingdemandontoradiantfloor,inputvariable W
Outputs ௪ܶே௜ TemperatureofwaterͲnodeܰ݅ Ԩ
 ௢ܶ௨௧ǡ௪ௐ்௅ଵ Temperatureofwaterleavingimmersionheatexchangerܪܺͳ Ԩ
 ሶܳ ௐ்௅ଵ Heatdischargingrateofimmersionheatexchangerܪܺͳ W
 ሶܳ ௐ்௅ଶ Heatoutputrateofwaterstoragetankfordomesticwaterheating W
 ሶܳ ௐ்௅ Heatoutputrateofwaterstoragetankforheating W
 ሶܳ ௐ்ସோி Heattransferratefromwaterstoragetanktoradiantfloor W

Theradiantfloormode:
 Symbols Descriptions Units
Inputs ሶܳ ௐ்ସோி Heattransferratefromwaterstoragetanktoradiantfloor,
associatedvariable W








Outputs ሶ݉ ௪ோி Massflowrateofwaterthroughradiantfloor kg/s






 Symbols Descriptions Units
Inputs ܿ଴ Coefficientofelectricpowerinputtocirculatingpump W
 ܿଵ Coefficientofelectricpowerinputtocirculatingpump Wͼs/m3
 ܿଶ Coefficientofelectricpowerinputtocirculatingpump Wͼs2/m6
 ܿଷ Coefficientofelectricpowerinputtocirculatingpump Wͼs3/m9
 ܿସ Coefficientofelectricpowerinputtocirculatingpump Wͼs4/m12
 ܿହ Coefficientofelectricpowerinputtocirculatingpump Wͼs5/m15
 ܿ଺ Coefficientofelectricpowerinputtocirculatingpump Wͼs6/m18
 ܿ଻ Coefficientofelectricpowerinputtocirculatingpump Wͼs7/m21
 ଼ܿ Coefficientofelectricpowerinputtocirculatingpump Wͼs8/m24
 ሶܸ௠௔௫௉௨௠௣ Maximumvolumeflowrateofwaterthroughcirculatingpump m3/s
 ሶܸ௪௉௨௠௣ଵ Volumeflowrateofcirculatingpumpܲͳ,associatedvariable m3/s
 ሶܸ௪௉௨௠௣ଶ Volumeflowrateofcirculatingpumpܲʹ,associatedvariable m3/s
 ሶܸ௪௉௨௠௣ଷ Volumeflowrateofcirculatingpumpܲ͵,associatedvariable m3/s
Outputs ሶܹ ௉௨௠௣ଵ Electricpowerinputtocirculatingpumpܲͳ W
 ሶܹ ௉௨௠௣ଶ Electricpowerinputtocirculatingpumpܲʹ W
 ሶܹ ௉௨௠௣ଷ Electricpowerinputtocirculatingpumpܲ͵ W








 Symbols Descriptions Units
Inputs ܩሶ  Powerdensityofinsolationupontiltedcollectorpanelsurface,inputvariable W/m
2
 ሶܳ ௗ௘௠ௗோி  Spaceheatingdemandontoradiantfloor,inputvariable W
 ሶܸ௪஽ுௐ Volumeflowrateofdomestichotwaterdrawn,timevariable m3/s
 ߛ  Icemassfractionoficestoragetank,associatedvariable dimensionless
 ߛ௠௔௫ Maximumicemassfractioninicestoragetank,inputparameter dimensionless
 ௪ܶௐ IcestoragetankwaterͲlayertemperature,associatedvariable Ԩ




 ௪ܶேଵ TemperatureofwaterͲnodeܰͳ,associatedvariable Ԩ
 ௪ܶேଷ TemperatureofwaterͲnodeܰ͵,associatedvariable Ԩ




 ௢ܶ௨௧ǡ௪஼௢௡ௗ  Temperatureofwaterleavingcondenser Ԩ
 ௖ܶ௢௠ோி  Comforttemperatureofradiantfloor,inputparameter Ԩ















 ߠ஺௨௫ Controlledvariableforoperatingauxiliaryheater dimensionless

 


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
AppendixC
EmpireECͲ24SRCCOGͲ100certification

Source:SunEarth(2012)


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

AppendixD
RegardingcoefficientsidentificationwithStatGraphicsforGeoSmartHS050

I. Theplotofࢃሶ ࡴࡼ૜૜ૢ૙forEqn.(4.19)regression


RͲSquared=99.7768percent
StandardErrorofEst.=0.0136088
TheRͲSquaredstatisticindicatesthatthemodelasfittedexplains99.7768%of
thevariabilityinௐሶ
ಹು
ଷଷଽ଴.Thestandarderroroftheestimateshowsthestandarddeviation
oftheresidualstobe0.0136088.
 


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
II. Theplotofࡽሶ ࡯࢕࢔ࢊ૛૚૙ૠ૛forEqn.(4.20)regression


RͲSquared=98.6571percent
StandardErrorofEst.=0.0158837
TheRͲSquaredstatisticindicatesthatthemodelasfittedexplains98.6571%of
thevariabilityinொሶ
಴೚೙೏
ଶଵ଴଻ଶ.Thestandarderroroftheestimateshowsthestandarddeviation
oftheresidualstobe0.0158837.
 


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
III. GeoSmartHS050performancedata

Source:GeoSmart(2012)
 


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
AppendixE
WiloͲStar16Fperformancecurve

Source:Wilo(2012)

